Directional motility in the gliding bacterium Myxococcus xanthus requires controlled cell reversals mediated by the Frz chemosensory system. FrzCD, a cytoplasmic chemoreceptor, does not form membrane-bound polar clusters typical for most bacteria, but rather cytoplasmic clusters that appear helically arranged and span the cell length. The distribution of FrzCD in living cells was found to be dynamic: FrzCD was localized in clusters that continuously changed their size, number, and position. The number of FrzCD clusters was correlated with cellular reversal frequency: fewer clusters were observed in hypo-reversing mutants and additional clusters were observed in hyper-reversing mutants. When moving cells made side-to-side contacts, FrzCD clusters in adjacent cells showed transient alignments. These events were frequently followed by one of the interacting cells reversing. These observations suggest that FrzCD detects signals from a cell contactsensitive signaling system and then re-localizes as it directs reversals to distributed motility engines.
M
yxococcus xanthus is a Gram-negative soil bacterium with a complex life cycle that includes vegetative swarming, predation, and fruiting body formation. Motility is important for all of these functions. M. xanthus does not contain flagella and is non-motile in liquid media. On solid surfaces, the bacteria move by gliding using 2 different motility systems (1, 2) . The first system, called S-motility, is powered by the retraction of polar type IV pili (2, 3) and is similar to twitching motility in Pseudomonas aeruginosa (4) . The second system, called A-motility, is not well characterized. It has been proposed to require slime secretion (5) and focal adhesion sites that are contacted by distributed, unknown motor proteins (6, 7) .
M. xanthus cells are very flexible. They twist and turn as they move forward, changing direction in response to the unevenness or wetness of surfaces. To achieve directed motility, cells periodically reverse so that the leading cell pole becomes the lagging cell pole. Reversals involve an inversion in cell polarity and the pole-to-pole transport of several A-and S-motility-related proteins in a coordinated manner (6, (8) (9) (10) . It is hypothesized that the ability to reverse direction allows cells to periodically reorient themselves as part of a biased random walk, in much the same way that changing the rotation of flagella in enteric bacteria causes tumbles, allowing cellular re-orientation (11, 12) . Control of cell reversals and coordination of the 2 motility systems are regulated by the Frz ( frizzy) signal transduction system (12) . The Frz system, like chemotaxis pathways in enteric bacteria, is a modified 2-component signaling system. The core pathway consists of a receptor, FrzCD; a histidine kinase, FrzE; 2 CheW-like coupling proteins (FrzA and FrzB); and a dual response regulator protein, FrzZ (13) . The pathway also contains a methyltransferase, FrzF, required for adaptation and a methylesterase, FrzG. Most mutations in the Frz pathway cause infrequent reversals (i.e., hypo-reversals), although some FrzCD mutations cause hyper-reversals (14, 13) . Mutants with defective control of reversal frequency are generally not able to swarm in groups or form fruiting bodies.
Bacterial chemoreceptors are usually membrane proteins. In Gram-negative bacteria, they characteristically contain a transmembrane domain that anchors the receptors in the inner membrane, a periplasmic domain that binds ligands, and a cytoplasmic signaling domain that interacts with the CheW coupling protein and the CheA histidine kinase, modulating its activity. The receptors are usually clustered at one cell pole, forming a signaling array. These arrays are thought to function in the amplification of signals (15) (16) (17) . In contrast, FrzCD, the methyl-accepting chemotaxis protein (MCP) receptor associated with the Frz pathway, lacks the transmembrane, periplasmic, and HAMP domains common to membrane-associated bacterial chemoreceptors. In its place, FrzCD contains a novel N terminus predicted to be cytoplasmic. Therefore, it is not known how FrzCD can sense stimuli in the absence of these domains or how this might affect localization or clustering of this MCP (13) .
In this article, we studied the localization of the FrzCD receptor using immunofluorescence microscopy and time-lapse video microscopy. We found that FrzCD localizes in a helix that spans the cell length. In living cells, FrzCD is distributed unevenly, forming dynamic clusters that move about and rearrange continuously. Surprisingly, when cells make side-to-side contacts, the FrzCD clusters in adjacent cells frequently align. Cell-cell contact appears to influence both the organization of the clusters as well as cell reversals, suggesting a mechanism for the coordination of cell movements.
Results

FrzCD Localizes as Helical Filaments that Span the Cell Length.
To determine the localization of the cytoplasmic receptor FrzCD in WT M. xanthus cells, we analyzed cells by immunofluorescence deconvolution microscopy. Fixed and permeabilized cells were stained with the membrane stain FM4-64 and incubated with purified anti-FrzCD antibodies. Fig. 1A shows a deconvolved image of a WT cell obtained from 10 to 20 cell sections along the z axis. This micrograph shows FrzCD (green) resolved as multiple cytoplasmic ribbons; these ribbons were not observed in cells lacking FrzCD (Fig. 1 A) . When images were processed at higher resolution (from 40-50 cell sections), the ribbons appeared as helices that spanned the length of the cells (Fig. 1B) . The pitch of the helices (0.480 Ϯ 0.088 m, average of 6 cells) is similar to that of MreB from M. xanthus (E.M.F.M. et al., unpublished data), an actin-like cytoskeletal protein (18) . This localization pattern differs significantly from the single polar cluster of receptors observed in enteric bacteria (17) and the cytoplasmic cluster formed by TlpC molecules in Rhodobacter spheroides (19) .
The localization of transmembrane MCPs of Escherichia coli and cytoplasmic MCPs of R. spheroides are dependent on the presence of the histidine kinase CheA and the coupling protein CheW, proteins that interact and form a complex during chemotaxis (17, 20, 19, 21) . To examine whether FrzCD localization was disturbed in the absence of the corresponding M. xanthus proteins FrzE (i.e., CheA homologue) or FrzA and FrzB (i.e., CheW homologues), we examined the FrzCD localization pattern in ⌬frzE, ⌬frzA, and ⌬frzB mutants by immunofluorescence microscopy. Fig. 1 A shows that the ⌬frzE mutant displayed the same localization pattern as WT; similar results were obtained for the ⌬frzA and ⌬frzB mutants (data not shown). These results suggest that FrzCD exhibits a novel mode of localization independent of the CheA and CheW homologues required by other characterized bacterial chemoreceptors.
FrzCD Clusters Are Dynamic in Vivo. To follow the localization of FrzCD in vivo, we constructed a strain containing the GFP fused to the C terminus of FrzCD; this strain contains a replacement of the frzCD gene with frzCD::gfp at the endogenous locus. FrzCD-GFP was expressed at WT levels in this strain [supporting information (SI) Fig. S1 ] and showed the same localization pattern as in WT by immunofluorescence microscopy (Fig. 1 A) . The frzCD::gfp strain has a functional Frz system, as it was able to form fruiting bodies, showed normal A-motility swarming, and can respond to attractants/repellents (Fig. S2 a-c) . frzCD::gfp cells showed a small reduction in S-motility swarming (Fig. S2d) and reduced cell reversals (approximately half of WT). However, as the frzCD::gfp strain maintained a bias in cell reversals essential for chemotaxis, we believed it would nevertheless be useful for our localization studies.
To visualize FrzCD, frzCD::gfp cells were spotted on a thin layer of nutrient agar and images captured every 30 s for 10 min by time-lapse fluorescence microscopy. Fig. 2A shows that FrzCD-GFP fluorescence appeared as multiple clusters within cells (rather than as filaments), as the fluorescence images were of much lower resolution than those obtained by deconvolution immunofluorescence microscopy ( Fig. 1) . This imaging specifically highlighted regions of greatest FrzCD-GFP density. Unexpectedly, as cells moved forward, the clusters showed changes in number, position, and intensity (Fig. 2 A) . Movie S1, obtained by capturing images of frzCD::gfp cells every 5 s for 3 min, suggests that FrzCD molecules flux along a helical scaffold, consistent with the pattern observed by immunofluorescence microscopy ( Fig. 1 A and B) . Changes observed in FrzCD-GFP cluster localization did not seem to follow a regular pattern ( 
A).
Even when cells reversed, we did not observe reproducible changes in the localization pattern ( Fig. S3 and Fig. 2C ).
The Number of FrzCD Clusters Is Correlated with Cell Reversal Frequency. As the Frz pathway controls cell reversals, we were interested in determining whether FrzCD clusters were altered in mutants with defective reversal frequencies. For example, M. xanthus cells carrying the allelic variant frzCD E202A-E203A are hypo-reversing and show the typical frizzy phenotype. In contrast, cells carrying the allelic variant frzCD E168A-E169A are hyperreversing, do not show net colony expansion, and are nonfruiting (22) (Fig. S4) . Therefore, we constructed strains in which frzCD E202A-E203A ::gfp andfrzCD E168A-E169A ::gfp replaced the WT frzCD locus. Expression of FrzCD in the mutant strains (Fig. S1 ) and the phenotypes of the recombinant strains were similar to their respective parental strains (Fig. S4 ). When these strains were examined by time-lapse fluorescence microscopy, we observed that the hypo-reversing mutant ( frzCD E202A-E203A ::gfp) contained fewer FrzCD-GFP clusters ( Fig. 2 B and E) , whereas the hyper-reversing mutant ( frzCD E168A-E169A ::gfp) contained additional clusters ( Fig. 2 C and E) than the frzCD::gfp parental cells (Fig. 2 A) . Statistical analysis of the number of clusters present in 60 cells from each of the frzCD::gfp, frzCD E202A-E203A ::gfp, and frzCD E168A-E169A ::gfp strains showed that the differences observed were significant (P Ͻ 0.05; Fig. 2E ). These results suggest that there is a nexus between the number of FrzCD clusters and reversal frequency.
Side-to-Side Cell Contacts Influence FrzCD Cluster Alignments. As the FrzCD receptor is important for interactions that involve the behavior of groups of cells as well as individuals, we decided to examine the effect of cell-cell interactions on FrzCD localization. Therefore, we examined fluorescent images of FrzCD-GFP-labeled cells as they encountered each other from divergent paths. Initially, the number and localization of FrzCD-GFP clusters appeared to be unstructured, as shown in Fig. 2 A. However, surprisingly, when cells made full side-to-side contacts, clusters in one cell aligned momentarily with clusters of an adjacent cell (Figs. 3A, 4A, and 5A; Movies S2 and S3). Alignments were not observed before or after a full contact (Fig. 3A) .
To verify the significance of our initial observations, we quantified the alignments by measuring the fluorescence intensity along the entire cell body lengths during the course of the side-to-side interactions ( Fig. 3 A and B) . We selected 30 pairs of moving cells and analyzed the number of aligned clusters before, during, and after maximum side-to-side contacts. The number of aligned clusters at maximum alignment was significantly higher (P Ͻ 5 ϫ 10 Ϫ4 ) than the number of aligned clusters observed 30 s before or 30 s after side-to-side contacts (Fig. 3B) . The number of aligned clusters at maximum alignment was also significantly higher than the one of non-touching cells (Fig. 5) . This indicates that the FrzCD-GFP cluster distributions in adjacent pairs of cells were highly correlated at the moment of maximum contact, suggesting that side-to-side cell contact and cluster alignment are dependent on each other and not a result of chance.
Furthermore, when cells moved in rafts, FrzCD-GFP cluster alignments spanning several cells were observed ( Fig. 3C ; Movie S4). As we occasionally observed alignment of FrzCD-GFP clusters in cells making only partial contacts ( Fig. 3C ; Movie S4), we decided to compare cluster alignments in cells showing limited regions of contact observed before and after full sideto-side contacts with alignments found when cells made full side-to-side contacts. We performed our analyses with 30 pairs of cells (Fig. 4 A and B) . We found that the alignment of FrzCD-GFP clusters at maximum cell contact was significantly higher (P Ͻ 0.05) than alignments observed when cells showed limited regions of contact, 30 s before or 30 s after full side-toside interactions (Fig. 4B) . This shows that FrzCD-GFP cluster alignments occur most frequently during full side-to-side contacts. These results suggest that FrzCD is able to sense and respond to cell-cell interactions with changes in its localization.
FrzCD Cluster Alignments Are Regulated by the Frz Pathway. As FrzCD clusters in interacting cells changed their alignments as cells made side-to-side contacts (Figs. 3 and 4) , we were interested in determining if these localization changes were dependent on the Frz pathway. Therefore, we examined the localization of FrzCD-GFP in frzE mutants, which lack the FrzE histidine kinase, a central component of the Frz chemosensory pathway. Fig. 1 A shows that FrzCD localization was not affected by the absence of frzE (CheA) as determined by immunofluorescence deconvolution microscopy. However, analysis of FrzCD-GFP clusters in vivo showed significant defects in the absence of frzE. For example, the clusters appeared faint and diffuse; additionally, they were less abundant than in WT (Fig. 2D) , consistent with the hypo-reversing phenotype. Nevertheless, the clusters were still dynamic, constantly changing their number, position, and intensity (Fig. 2D) . Significantly, when 2 moving M. xanthus frzE cells made side-to-side contacts, FrzCD-GFP clusters aligned much less frequently (Fig. 5 A and  B) , indicating that these alignments are dependent on a functional Frz pathway. This supports our hypothesis that cluster alignments are not caused by random events or physical surface interactions, but rather by Frz chemosensory signaling associated with cell contacts.
Side-to-Side Cell Contacts Stimulate Cell Reversals. As side-to-side cell contacts influenced FrzCD localization and FrzCD controls cellular reversal frequency, we were interested in examining how cell-cell contacts influence cellular reversals. For these experiments, we spotted M. xanthus WT cells on agar-coated glass slides and analyzed moving cells under a phase-contrast microscope by taking images every 30 s for 30 min. From the movies, we identified 60 pairs of cells that made side-to-side contacts, as illustrated in Fig. 6A . In most of these interacting pairs, one cell of the pair reversed within 30 s after a side-to-side contact (Fig. 6B) . The number of reversals of 60 isolated cells selected from the same slide was much lower and remained constant over time (Fig. 6B) . These results show that converging cells making side-to-side contacts exhibit increased cellular reversals. These reversals are not seen in frzCD mutants (13) . Contact-dependent cellular reversals may be important for coordinated cell movements, especially ''rippling,'' the wave-like periodic movements associated with predation and fruiting body formation (23, 24) .
Discussion
In this article, we show that FrzCD, a cytoplasmic receptor required for cellular reversals in M. xanthus, is localized as The mean value of correlation coefficients for each of the 3 frames is shown. The P value (probability that differences result from chance) was estimated to be Ͻ0.05. The statistical analysis is described in Methods. clusters that might assemble into or decorate helical filaments that span the length of cells. Using cells expressing FrzCD-GFP, the clusters appear as discrete fluorescent spots. This suggests that the FrzCD clusters are unevenly distributed along the filaments so that only regions of highest density can be visualized by this technique, which is of lower resolution than deconvolution fluorescence microscopy. The number of FrzCD clusters appears to be related to FrzCD function. For example, the number of clusters might be proportional to the level of activation of FrzCD and to cellular reversal frequency. Indeed, hypo-reversing cells and hyperreversing cells show reduced and increased clusters, respectively (Fig. 2) . Surprisingly, FrzCD-GFP clusters are dynamic, continuously changing their position, number, and intensity. This unusual localization pattern may reflect the need for cells to communicate directly with the 2 gliding motility engines: motility complexes that change their polarity and localization as cells periodically reverse (9) . This may be particularly important for the control of A-motility motor complexes, which are distributed along the cell body (7) and contain regulatory proteins such as AglZ, involved in focal adhesion complex formation (6) . In fact, the periodicity of the AglZ complexes (0.466 m) is almost identical to the pitch of the FrzCD helices (0.48 m). Furthermore, FrzCD interacts directly with AglZ and genetic evidence supports the hypothesis that FrzCD directly controls A-motility (E.M.F.M. et al., unpublished data).
How does FrzCD localize in a helical pattern? Does FrzCD polymerize to form helical filaments or does it track along an existing cytoplasmic filament? FrzCD contains 2 domains: a unique N-terminal domain and a conserved C-terminal domain common in other bacterial MCP receptors (13) . Neither domain contains structural motifs that suggest that it can assemble into a cytoskeletal filament. However, the periodicity of the FrzCD helix is similar to the one observed in the actin-like protein MreB (6, 18) . In movies in which images were taken every 5 s (Movie S1), the FrzCD clusters can be seen moving in a helical trajectory, suggesting that the FrzCD clusters are tracking along a helical cytoplasmic filament. We therefore suggest that FrzCD either binds directly to MreB filaments or to another cytoskeletal filament with a similar pitch.
It is interesting to contrast FrzCD cluster formation with MCP clusters studied in other bacteria. In E. coli, the MCP transmembrane receptors have been shown to be organized in a discrete array localized predominantly at one cell pole (17, 20) . This unusual localization pattern has been shown to be important for signal amplification and, given the small size of the bacterial cell, is consistent with a temporal chemotaxis sensing mechanism (17) . In a similar way, a cytoplasmic MCP from P. aeruginosa (i.e., McpS) localizes at the cell pole, probably by clustering with transmembrane MCPs (25) . In contrast, 2 cytoplasmic MCPs, TplC and TlpT, belonging to the second and third chemotaxis systems of R. spheroides, respectively (26) , are localized in discrete regions of the cytoplasm (27, 19) . The biological significance of this unusual localization pattern is not known. Both the E. coli transmembrane MCP clusters and the R. spheroides cytoplasmic MCP clusters are dispersed in mutants lacking CheA or CheW homologs (17, (19) (20) (21) . This was not the case with FrzCD, which still localized in helices in strains lacking FrzE (CheA), FrzA, or FrzB (CheWs), although FrzCD-GFP clusters were more diffuse in the frzE mutant.
Perhaps the most unexpected finding in this study is that M. xanthus cells making side-to-side contacts show transient FrzCD cluster alignments. Our statistical analysis shows that this observation is not merely a result of chance. Furthermore, the alignments are not observed in frzE mutants, indicating that they require feedback from the Frz pathway. How might this occur? We speculate that cells sense contacts with adjacent cells and that this information is transmitted to FrzCD, stimulating it to signal cell reversals. As FrzCD is cytoplasmic, we think it is unlikely to sense cell contacts directly but to interact with another sensory pathway. For example, cell contact might be sensed by one or more membrane-bound receptors that signal to FrzCD, similar to Cpx-mediated cell contact sensing in E. coli (28) . Another possibility is that FrzCD, either by itself or by interacting with other factors, may respond to the tension caused on the cell surface by contact between 2 or more cells. Preliminary experiments indicate that the N-terminal domain of FrzCD interacts with several proteins of interest that may be involved in this process (E.M.F.M. et al., unpublished data).
What might be the function of the FrzCD cluster alignments? We speculate that these alignments are involved somehow in the timing of cell reversals, which are stimulated by the side-to-side cell contacts. To explain our results, we propose a model (Fig.  S5 ) in which FrzCD clusters track along a cytoskeletal filament in a constant state of flux and dissolution. In this model, the continuous cluster rearrangement functions as part of a reversal clock, timing cell reversals (29) . Stimulations such as cell-cell contacts may speed up the clock, causing cluster re-localizations that trigger reversals. This phenomenon may be responsible for coordinated cell movements during swarming or fruiting body formation and for the waves that are generated when M. xanthus cells ripple (23, 24) . The coupling of cell contacts with receptor localization shows additional levels of complexity in bacterial signal transduction.
Methods
Bacterial Strains, Plasmids, and Growth. M. xanthus strains were grown as described by Bustamante et al. (13) . frzCD::gfp constructs were generated by overlap extension PCR and cloned into pKY480 (30, 31) . For fluorescent experiments, the gfp gene used was amplified from the commercial vector pEGFP-C1 (Clontech). The plasmid obtained was used to electro-porate DZ2, DZ4601, and DZ4603 (22) . Kanamycin and sucrose selections were performed.
Motion Analysis. Time-lapse motion analysis was performed as described by Bustamante et al. (13) . Isolated cells (n ϭ 60) or pairs of cells (n ϭ 30) of each strain were analyzed to calculate reversal frequencies or to observe reversals after cells in pairs made contact. Reversal frequencies were expressed as number of reversals per number of cells per hour. To facilitate the analysis, cells were tracked by using ImageJ software.
Immunofluorescence Microscopy and Image Deconvolution. Samples from vegetative Casitone yeast extract cultures (0.5 mL) at 4 ϫ 10 8 cfu mL Ϫ1 were fixed after transfer for 20 min in tubes containing 100 L 2.6% wt/vol paraformaldehyde and 0.01% wt/vol glutaraldehyde. Fixed cells were then immobilized on freshly prepared poly L-lysine-treated slides. The cells were rendered permeable by 4 min 1 g mL Ϫ1 lysozyme treatment. Washing was performed in PBS solution and probing in PBS solution 2% BSA with ␣-FrzCD purified antibodies at 1:100 dilution. An Alexa 488-coupled ␣-rabbit antibody (Molecular Probes) was used as a secondary antibody (1:200). SlowFade gold antifade reagent (Molecular Probes) containing 1 g/L of FM4 -64 membrane dye was then added.
An inverted Delta Vision optical sectioning microscope (Applied Precision) was used to collect between 10 and 20 images spaced at 0.1 m through the specimen using standard FITC and rhodamine filters. For more detailed analysis, we prepared samples on cover slips, instead of slides, to increase the resolution and obtain between 40 and 50 sections, spaced at 0.02 m through the specimen. In this case, we could only use the FITC filter. The images were deconvolved through 15 iterations using Delta Vision deconvolution software (Applied Precision).
Time-Course and Time-Lapse Fluorescence Microscopy. Motion analysis by time-lapse microscopy were performed as described by Mignot et al. (6) .
Statistical Analysis. For Fig. 2E , to compare the number of FrzCD-GFP clusters in frzCD::gfp, frzCD E202A-E203A::gfp and frzCDE168A-Q169A::gfp strains, by using a Matlab-based program, we drew a line along the full length of cells. The program measured the fluorescence intensity along these lines and gave us fluorescence profiles of 60 cells of each strain. Using the fluorescence profiles obtained, we manually counted the number of clusters in each of the 60 cells. The P value between frzCD::gfp and frzCD E202A-E203A::gfp or frzCDE168A-Q169A::gfp was Ͻ0.005. For Fig. 3B , we analyzed frames from time-lapse microscopy in which cells expressing FrzCD-GFP were at the moment of the maximum contact, plus one frame (30 s) before and after this moment. We obtained fluorescence profile as described for Fig. 2 . Using the fluorescence profiles, we manually calculated the percentage of aligned FrzCD-GFP clusters on the total number of clusters for the 2 cells in each of 30 pairs. We then calculated the mean percentage of aligned clusters on the total number and the SD before, during, and after a full side-toside contact for 30 pairs of cells. The P value, indicating the probability that the measured or a larger correlation difference was obtained by chance alone, was Ͻ5 ϫ 10 Ϫ4 . For Figs. 4 and 5B, we calculated the correlation coefficient of the fluorescence profiles obtained before, during, and after side-to-side interactions. In the small region of contact before and after side contacts, as well as in the frzCD::GFP frzE mutant, clusters were often of lower number and intensity. Therefore, a computer system was more suitable to quantify cluster alignment in these cases. The cells were automatically split into equal sections along the contact line between them; the fluorescence intensity was integrated in each section and then normalized by the section's area. Thus, we obtained the fluorescence profiles of the cells in the aligned region. On the next step, we computed the correlation coefficients of the fluorescence intensity profiles of the 2 cells. The correlation coefficient ranges from -1 (i.e., complete linear dependence with a negative coefficient) to 1 (i.e., complete linear dependence with a positive coefficient), with 0 indicating no linear dependence of the profiles. For Fig. 4B , we selected a total of 30 pairs of cells. The average correlation and standard deviation were calculated. The P value, indicating the probability that the measured or a larger correlation difference was obtained by chance alone, was 0.003. For Fig.  5B , the intensity profiles of 22 frzCD::gfp and 18 frzCD::gfp frzE cells at the moment of maximum side-to-side contacts, as well as profiles of 59 random non-touching cells, were filtered with a high-pass Gaussian filter, which allowed us to take into account only the spots' intensity, ignoring global changes of the intensity of the cells. The P value here (Ͻ0.005) indicates the probability that the measured or a larger correlation coefficient was obtained by chance alone, assuming the mean correlation function was 0.
